Abstract: Thelonectria is a recently established genus of common and ubiquitous fungi on woody hosts, previously placed in the genus Neonectria. Thelonectria coronata and T. veuillotiana occur sympatrically in tropical, subtropical and temperate regions. Previous taxonomic studies including T. coronata and T. veuillotiana suggested these fungi could represent species complexes; however, the morphological features used to define species exhibited few differences useful for testing this hypothesis. To assess the status of T. coronata and T. veuillotiana, phylogenetic analyses of six genomic regions were combined with a morphological examination of specimens. A multigene phylogeny reconstructed with maximum parsimony, maximum likelihood and Bayesian approaches identified five phylogenetic groups in T. coronata and six in T. veuillotiana. As is common for cryptic species, unequivocal diagnostic morphological characters could not be identified; however, average values of morphological traits correspond to the phylogenetic groups. An increased number of nonsynonymous/synonymous substitutions in the b-tubulin gene and a decreased or absent production of conidia were detected within the T. coronata complex, possibly indicating the homothallic nature of these isolates. T. coronata and T. veuillotiana and related species are described and illustrated here; a dichotomous key to all species is provided.
INTRODUCTION
Thelonectria coronata (Penz. & Sacc.) P. Chaverri & C. Salgado (2011) and T. veuillotiana (Sacc. & Roum.) P. Chaverri & C. Salgado (2011) are sister species of nectriaceous fungi previously recognized in the genus Neonectria Wollenw. A study showed that species of Neonectria s.l. constitute five lineages, which were recognized as distinct genera (Chaverri et al. 2011) . One of those lineages is Thelonectria based on T. discophora (Mont.) P. Chaverri & C. Salgado. Thelonectria includes species previously recognized as the ''Nectria mammoidea'' and ''N. veuillotiana'' groups (Booth 1959 , Brayford and Samuels 1993 , Samuels and Brayford 1994 , the latter group including T. coronata and T. veuillotiana. Thelonectria coronata first was described by Penzig and Saccardo in 1897 from specimens collected in Indonesia (Penzig and Saccardo 1897) while T. veuillotiana was described by Saccardo and Roumeguère in 1880 from specimens collected in France (Debeaux et al. 1880) . Even though T. coronata and T. veuillotiana have similar teleomorph and anamorph morphologies (Samuels et al. 1990 , Brayford and Samuels 1993 , Samuels and Brayford 1994 , these species can be differentiated easily based on the morphology of the perithecial apex. In both species the perithecial apex is composed of a palisade of hyphal elements arising from the inner region in the perithecial wall. The terminal cells of the hyphal elements at the exterior of the apical disk are conspicuously swollen and saccate, giving the apex a knobby appearance. However, in T. coronata the perithecial apex is usually darkly pigmented and swollen saccate cells form a distinctive fringe giving the apex a coronate aspect (Samuels et al. 1990 , Brayford and Samuels 1993 , Samuels and Brayford 1994 .
Thelonectria coronata and T. veuillotiana are abundant in temperate, tropical and subtropical regions (Brayford and Samuels 1993 , Guu et al. 2007 , Zhuang et al. 2007 ) where they are found on bark of recently dead or dying trees, sometimes growing on canker lesions caused by other disease-causing organisms (Samuels et al. 1990, Brayford and Samuels 1993) . Contrary to T. veuillotiana, which has been collected widely on bark of hardwood trees or shrubs, sometimes associated with pathogenic Neonectria species (Marra and Corwin 2009) , T. coronata is inconspicuous, not often collected due to its small and dark perithecia (Brayford and Samuels 1993) .
The most recent taxonomic treatments including these species suggest that T. coronata and T. veuillotiana might comprise species complexes (Samuels et al. 1990 , Brayford and Samuels 1993 , Samuels and Brayford 1994 . These first taxonomic studies were based solely on morphological characters, thus this hypothesis could not be tested confidently because of the problems associated with the application of morphological approaches to species recognition in fungi (Taylor et al. 2000 (Taylor et al. , 2006 . In addition, the wide taxonomic range of hosts and distribution make efforts to separate taxa based on ecological preferences or geography futile. The development of species-delimitation criteria suitable for fungi (Taylor et al. 2006) , based on genetic characters whose rate of change is faster than that of morphological characters, have increased the confidence of species delimitation and diversity estimates. Such methods include those based on genealogical concordance criteria or monophyly criteria for species delimitation (Dettman et al. 2003) , genealogical sorting index (Cummings et al. 2008) , clustering optimization methods (Stielow et al. 2011) , genetic distances in monophyletic lineages (Del-Prado et al. 2010 ) and recombination methods (Carbone and Kohn 2004) . Phylogenetic species recognition based on genealogical concordance has GenBank accession numbers act LSU ITS rpb1 tef1 tub been used widely to delimit species in fungi (Miller and Huhndorf 2004 , Fournier et al. 2005 , Pringle et al. 2005 , Druzhinina et al. 2010 , Taskin et al. 2010 , and it has become a reliable method for assessing the diversity of those groups presumed to comprise species complexes. Recombination tests have been used for geographic differentiation and to identify putative biological species among populations (Koufopanou et al. 1997 , Fisher et al. 2002 . In theory, if recombination occurs within strongly supported clades in gene genealogies but not between clades, then these clades define the boundaries of biological species, that is the populations are not interconnected by gene flow (Sites and Marshall 2003, Carbone and Kohn 2004) . Several methods are available to detect recombination among populations using DNA sequence data (Cunningham 1997 , Huson and Bryant 2006 , Bruen et al. 2006 , Martin et al. 2010 . These techniques can be used to infer the occurrence of recombination either directly through sequence comparisons or indirectly through phylogenetic analysis and can be used within closely or distantly related genotypes (Posada 2002 , Bruen et al. 2006 . In fungi, these methods have been applied mainly to detect cryptic recombination within species thought to be clonal (Burt et al. 1996 , Geiser et al. 1998 , Pringle et al. 2005 , Croll and Sanders 2009 ; however, its utility in the recognition of limits between populations has been scarcely explored (Druzhinina et al. 2010 ).
In the present study, the existence of cryptic species in T. coronata and T. veuillotiana was investigated. For this purpose cryptic species were identified using phylogenetic species recognition methods based on genealogical concordance between multiple phylogenies. Additional support for separation of taxa was provided by application of the genealogical sorting index method and recombination tests. Morphological studies of teleomorphs and anamorphs were combined with the molecular tools to examine the phylogenetic diversity of the species.
MATERIALS AND METHODS
Fungal isolates.-Nineteen isolates each of T. coronata and T. veuillotiana from diverse locations and substrates were studied. Data associated with these isolates, including GenBank accession numbers, are provided (TABLE I) . In addition, two isolates of Neonectria amamiensis (Hirooka et al. 2006 ) and one isolate of Nectria acrotyla (Brayford and Samuels 1993) were included due to their relatedness to T. veuillotiana. Two isolates of T. westlandica were used as outgroup in the phylogenetic analyses. Specimens and cultures were obtained from U.S. National Fungus Collection (BPI), New York Botanical Garden (NY), CABI Bioscience (IMI), Centraalbureau voor Schimmelcultures (CBS), and Japanese Ministry of Agriculture, Fisheries and Food Collection (MAFF), as well as from freshly collected material.
DNA extraction, PCR and DNA sequencing.-Six nuclear loci were sequenced for this study: partial large nuclear ribosomal subunit (LSU, ca. 900 bp), complete internal transcribed spacers 1 and 2 (ITS, including 5.8S of the nuclear ribosomal DNA, ca. 600 bp), partial b-tubulin (tubB, ca. 500 bp), a-actin (act, ca. 600 bp), RNA polymerase II subunit 1 (rpb1, ca. 700 bp), and translation elongation factor 1a (tef1, ca. 700 bp) (Chaverri et al. 2011) . Genomic DNA was extracted with the PowerPlant TM DNA isolation kit (MO BIO Laboratories Inc., Carlsbad, California). Protocols for PCR were carried out as described by Chaverri et al. (2011) . Clean PCR products were sequenced in both directions at the University of Maryland DNA Sequencing Facility (Center for Agricultural Biotechnology, University of Maryland, College Park). Sequences were assembled and edited with Sequencher 4.8 (Gene Codes Corp., Madison, Wisconsin). Sequences were deposited in GenBank (TABLE I) .
Phylogenetic analyses.-DNA sequences corresponding to 43 strains of T. veuillotiana, T. coronata, related species and outgroups were analyzed with maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI). All sequences were aligned with MAFFT 6 (http://mafft.cbrc. jp/alignment/server/) with the E-INS-I strategy (Katoh and Toh 2008) . To depict the phylogenetic relationships in T. coronata and T. veuillotiana, single-gene genealogies were constructed to recognize phylogenetic species with the genealogical concordance criteria (Avise and Ball 1990, Dettman et al. 2003) with MP, ML and BI approaches. As a final step and to observe the overall relationships among the different isolates, a concatenated dataset containing all six loci was constructed and analyzed. Sequence alignment of the concatenated dataset were deposited at the DRYAD repository (http://datadryad.org) under study accession number doi:10.5061/dryad.5d6p6.
In addition to the recognition of phylogenetic species by genealogical concordance, we applied the genealogical sorting index (gsi) method (Cummings et al. 2008) . For this, 100 trees produced from ML analyses and the last 100 trees produced from Bayesian analysis (50 trees per run) using the combined dataset were uploaded in a separate analysis into the online program available at www. genealogicalsortingindex.com. Each isolate was assigned to a cryptic clade according to the results obtained in the phylogenetic analysis. The gsi was calculated for all trees using 10 000 permutations (Cummings et al. 2008) . MP analyses were carried out with PAUP* 4.0a114 (Swofford 2000) ; heuristic searches were conducted with 1000 random-addition-sequence replicates using tree bisectionreconnection (TBR) branch swapping, MULTREES option on, and gaps were treated as missing data. Nonparametric bootstrapping values (Felsenstein 1985) were generated as heuristic searches with 500 replicates, each with 10 randomaddition replicates. The number of rearrangements was restricted to 10 000 000 per replicate. Trees were summarized when needed in a strict consensus reconstruction. ML analyses were performed with the program RAxML 7.2.8 (Stamatakis 2006 ) using the GTRGAMMA model, which includes a parameter (t) for rate heterogeneity among sites. Branch support was assessed with 1000 nonparametric bootstrapping replicates using the same model parameters settings. For MP and ML analyses, clades with bootstrap support $ 70% were considered well supported.
BI analyses were performed with MrBayes 3.1 (Huelsenbeck et al. 2001, Ronquist and Huelsenbeck 2003) , and jModeltest 0.1.1 (Posada 2008, Guindon and Gascuel 2003) was used to determine the best nucleotide substitution model (general time reversible, GTR, substitution model with gamma, G, and proportion of invariable site, I). BI analyses were initiated from random starting trees, run 10 000 000 generations with four chains (Metropolis-coupled Markov chain Monte Carlo; Ronquist and Huelsenbeck 2004 ) and sampled at intervals of 1000 generations. Two independent BI analyses were run. To evaluate stationarity and convergence between runs, log-likelihood scores were plotted with TRACER 1.5 (Rambaut and Drummond 2007) . Trees generated before stationarity were discarded (Huelsenbeck et al. 2001) . Trees were summarized in a majority rule consensus tree from the remaining trees from the four independent runs. Bayesian posterior probabilities (PP) were assessed at all nodes, and clades with PP $ 0.95 were considered well supported (Huelsenbeck and Rannala 2004) . MP, ML and BI analyses were done for both singlegene and combined datasets (MP and ML single-gene trees not shown). Trees were visualized with FigTree 1.3.1 (Rambaut 2005) .
Basic population statistics, such as nucleotide diversity (p) within and between populations, average number of nucleotide differences (k), nucleotide divergence (Dxy) and number of nonsynonymous and synonymous substitutions per synonymous site (dN/dS) were calculated with FIG. 1. Bayesian majority rule consensus tree of the Thelonectria coronata and T. veuillotiana species complexes and outgroup taxa based on the concatenated data of six nuclear loci (act, LSU, ITS, rpb1, tef1, tubB) . Support values (posterior probability/ML bootstrap/MP bootstrap) are indicated above the branches, gsi vales are indicated below branches. Support values BS $ and PP $ 0.95 are indicated only. Clade numbers plotted to the right of the tree indicate candidate species. Thelonectria westlandica was used as outgroup taxon.
DnaSP 5.10.01 (Rozas et al. 2003) and MEGA5 (Tamura et al. 2011) . For dN/dS analyses, only protein-coding regions (exons) were used and each gene was analyzed individually.
Test for recombination.-To test whether different sequencebased methods for detecting recombination can help resolve the limit of recombining populations in T. coronata and T. veuillotiana, several recombination tests were done using the concatenated sequences from six loci. These tests were run separately for T. coronata and T. veuillotiana isolates and did not include outgroup sequences. The partition homogeneity test (ILD/PHT) (Farris et al. 1994 (Farris et al. , 1995 implemented in PAUP* 4.0a114 (Swofford 2000) was used to estimate the degree of incongruence among loci created by recombination. Because this test has a high rate of type I error, a conservative criterion for significance (P , 0.001) was used as a threshold to reject the null hypothesis of incongruence between loci (Cunningham 1997 , Barker and Lutzoni 2002 , Pringle et al. 2005 . The PHI test implemented in SplitsTree 4.11.3 (Huson and Bryant 2006) , which uses the pairwise homoplasy index, PHI (5 w) statistic, was used to detect refined incompatibility indicating recombination. This test was run with default settings. The neighbor-net algorithm (Bryant and Moulton 2004) implemented by the same software, which is based on the split decomposition method (Bandelt and Dress 1992, Huson and and detects incompatible and ambiguous signals generated by recombination events, was used to construct a network based on the uncorrected p distance with the concatenated dataset for all loci (Huson and Bryant 2006) . This method gives graphical support when recombination is present among isolates in different populations. Robustness of the branching pattern was assessed with 1000 bootstrap replicates. Last, five miscellaneous tests to detect recombination (Geneconv, MaxChi, RDP, Bootscanning and Chimaera) implemented in the RDP3 software (Martin et al. 2010) were applied following settings implemented by Croll and Sanders (2009) to detect putative recombinant regions in the concatenated sequences. The significance threshold for all tests, except ILD/PHT, was set to P , 0.05.
Morphological studies.-The morphology of T. coronata, T. veuillotiana, and related species, specimens and associated cultures was studied according to Chaverri et al. (2011) . For the teleomorph, only the length and width of ascospores were recorded because these are the most informative characters (Samuels et al. 1990 , Brayford and Samuels 1993 , Samuels and Brayford 1994 . For the anamorph, if conidiation did not occur, isolates were grown on different media (potato dextrose agar, PDA; and SNA + 0.1% yeast extract) and/or incubated under a near UV light for the required time to observe conidiation. Growth rates and colony characteristics were determined on plates containing 20 mL PDA inoculated with 4 mm diam mycelium plugs. Five temperatures were evaluated, 15, 20, 25, 30 and 35 C; cultures growing at 20 C were selected to describe colony characteristics and standard growth. Color of colonies was determined according to Rayner (1970) . 
RESULTS
Phylogenetic analyses.-This study includes sequence data from 43 taxa in total, of which 239 sequences were newly generated. The combined dataset with six genomic regions included 4123 characters of which 3471 were constant, 128 variable and parsimony uninformative and 524 variable and parsimony informative. The single-gene genealogies showed no general pattern of conflict; despite clades with low bootstrap support, there were no supported conflicts, namely alternative topology with significant branch support compared with the tree for the combined dataset (FIG. 1) . In general, individual gene genealogies obtained with MP, ML and BI approaches showed significant support values yet some nodes are unresolved (FIG. 1S) . For ITS and LSU datasets most of the taxa revealed unique sequences that resulted in unresolved polytomies; however, protein-coding loci datasets (act, tubB, tef1, rpb1) mostly produced well supported nodes (FIG. 1S) . Clades in T. coronata and T. veuillotiana fit the criteria for phylogenetic species recognition by genealogical concordance (Avise and Ball 1990, Dettman et al. 2003) , based on the results of the single-gene genealogies (FIG. 1S) . Due to the general agreement and lack of conflict in the singlegene genealogies, our interpretation of the phylogenetic structure in these species is based on the phylogenies obtained from the analyses of the combined dataset. The multilocus phylogenetic relationships among genotypes in each species complex, T. coronata and T. veuillotiana, are shown (FIG. 1) .
MP, ML and BI analyses of the combined dataset produced similar trees with most nodes supported by high MP and ML bootstrap and Bayesian PP values; consequently only a Bayesian majority rule consensus tree is shown. In general, ML and BI analyses generated higher branch support compared to MP analyses (FIG. 1) . Parsimony analysis of the combined dataset yielded one most parsimonious tree with length equal to 807 steps, CI 5 0.768, RI 5 0.943 and HI 5 0.232. ML and BI analyses of the same combined dataset produced trees with log likelihoods 211327.84 and 212543.79 respectively. Five independent lineages within T. coronata and six within T. veuillotiana were supported by both bootstrap and Bayesian PP values greater than 90% and 0.95 respectively (FIG. 1) . In addition, the gsi analyses, which provided a numerical value for the level of monophyly and statistical support (P) for separation of the labeled taxa, supported the independent lineages within T. coronata and T. veuillotiana as monophyletic groups, with gsi T values . 0.9 (P , 0.01). These support values are included (FIG. 1) .
Neither of the lineages within the T. coronata or T. veuillotiana species complexes showed any association by host (FIG. 1, TABLE I ); however many hosts could not be identified unequivocally. None of the clades in the T. coronata complex showed strict association with geography. Isolates 93082102 and 94043006 (Clade TC5, FIG. 1) from Taiwan constitute the only clade with isolates from the same geographic region. Thelonectria coronata originally was described from a specimen collected in Indonesia, and for that reason clade TC2 is designated here as corresponding to T. coronata s. str. and isolate G.J.S. 85-207 from Indonesia was chosen to epitypify this species (FIG. 1) . Isolate C.T.R. 72-178 from Venezuela formed a single-isolate lineage closely related to T. coronata s. str. (FIG. 1) .
In T. veuillotiana some isolates group according to the geographic origin of the strain; for example, clades TV1 and TV4 are represented by isolates from the eastern USA and isolates in Clade TV3 (T. amamiensis) were collected only in Japan (FIG. 1) . Clades TV5 and TV6 comprise isolates collected in different and distant areas; the two isolates of Clade TV5 are from France and the Azores and Clade TV6 consists of two isolates from USA and Japan (FIG. 1) . Three species of the T. veuillotiana complex were collected from the eastern USA, possibly suggesting that this area is an important center of diversification for these species. Thelonectria veuillotiana originally was described from France; consequently Clade TV5 is considered to be T. veuillotiana s. str. (FIG. 1 , see also TAXONOMY). Four isolates of T. veuillotiana formed single-isolate lineages dispersed throughout the tree. Two of these isolates from Japan fell within a larger clade consisting of clades TV1, TV2 and TV3, and two are isolates from tropical regions, one strain from Costa Rica (G.J.S. 10-124) and one isolate from Venezuela (G.J.S. 90-171) (FIG. 1), which previously was described as Nectria acrotyla by Brayford and Samuels (1993) . These authors stated that this species is ''Nectria veuillotianae affinis'' based on morphological characteristics of the teleomorphic and anamorphic states. Nectria acrotyla is here newly combined in the genus Thelonectria. The single-isolate Among the genomic regions sequenced in this study, all except ITS-LSU revealed the same cryptic lineages within the two species complexes. For T. coronata and T. veuillotiana, the nucleotide diversity (p) within each of the clades was low, 0-0.0155 in T. coronata (TABLE II) and 0-0.0196 in T. veuillotiana (TABLE III) . In general, all loci included in this study showed low nucleotide diversity or low number of polymorphisms within and between clades; consequently the average numbers of nucleotide differences among the clades also was low. Pairwise nucleotide divergence between clades were 0.12-4.62% in T. coronata and 0.097-6.87% in T. veuillotiana and, on average, nucleotide divergence was higher among clades in T. coronata (TABLE II) than among clades in T. veuillotiana (TABLE III) . As a whole, ITS and LSU regions exhibited low interspecific nucleotide diversity, making the identification of cryptic lineages with these markers possible only when clades show a high genetic divergence (. 1%). In T. coronata, clades TC1 and TC2 showed the smallest molecular divergence when compared with the more divergent clades TC3-TC5 (TABLE II) and similarly in T. veuillotiana, clades TV1, TV2 and TV3 showed the smallest molecular divergence compared with clades TV4-TV6 (TABLE III) . In T. veuillotiana, analyses of rates of sequence evolution in the protein-coding regions showed a dN/dS ratio , 1. In T. coronata all protein coding regions showed a dN/dS , 1, except tubB, which showed a dN/dS ratio . 1.
Tests for recombination detection.-No significant evidence of recombination or incongruence within or among the different clades in T. coronata or T. veuillotiana was detected by any of the tests proposed. Results obtained with the split decomposition method to detect recombination (Bandelt and Dress 1992, Huson and are included (FIG. 2) .
Morphological studies.-Mean values of morphological characters observed among isolates of T. coronata and T. veuillotiana are included (TABLE IV, SUPPLE-MENTARY TABLES I, II) . The mean values of characters such as size of ascospores, conidia and phialides show considerable overlap among the isolates within clades. Although the discreteness of the recognized clades is not evident at first glance, the different lineages, on average, have dissimilar values for the morphological characters (ascospore and conidial size) that are useful in their differentiation. For T. coronata isolates, only morphological characters of the teleomorph could be studied because the isolates failed to produce the anamorph in culture even when grown on different media and under different light regimes. Of interest, isolates in this group produced perithecial structures as early as 1 wk in culture; all clades in T. coronata showed this characteristic. Ascospores from perithecia produced in culture germinated and formed new colonies, however these also failed to produce the anamorph. Clades in this complex showed insignificant variation in the mean values of ascospore size; four clades have a mean ascospore length of 20 mm although varying in ascospore width, and one clade, TC2, has an average ascospore length and width smaller than the other clades in the complex (TABLE IV, SUPPLEMENTARY TA-BLE I) . Growth rates and culture characteristics showed insignificant differences among clades in T. coronata.
In the T. veuillotiana complex, data for ascospores, conidia and phialide dimensions were obtained; however, isolates collected in tropical regions (G.J.S. 10-124, G.J.S. 91-171) sporulated poorly in culture. Isolates in clades TV1 and TV2 are characterized by having 3-5-septate conidia. Even though these two clades show overlapping average sizes of anamorphic characters, they can be differentiated based on ascospore size and geography; Clade TV1 consists of isolates collected in the United States and with ascospores having a mean length of 16 mm, while Clade TV2 consists of isolates from Argentina with a mean ascospore length of 14 mm (TABLE IV, SUPPLE-MENTARY TABLE II) . Isolates in Clade TV3 (T. amamiensis) are characterized by macroconidia with hooked, acute to rounded apical cells and rounded to truncate basal cells. This species is known only from Japan (Hirooka et al. 2006) . Isolates in clades TV4 and TV5 on average have smaller conidia and larger ascospores compared to the other clades; isolates in Clade TV4 are restricted to the southeastern USA (i.e. North Carolina and Tennessee), while isolates in Clade TV5 are from the Azores and France. Isolates in Clade TV6 have on average smaller ascospores (14.4 3 6.1 mm) compared with the other clades in the group (TABLE IV, SUPPLE-MENTARY TABLE II 
TAXONOMY
The results obtained from the phylogenetic analyses, DNA sequence divergence tests and morphological observations indicate that Thelonectria coronata and T. veuillotiana are species complexes and consequently the different lineages are described here as new species. For T. coronata and T. veuillotiana sensu stricto a full description is presented. However, for the newly described species only a brief description is provided, mainly including those characters that are different from the narrowly defined species of T. coronata and T. veuillotiana. Stromata inconspicuous. Perithecia globose to subglobose with smooth and shiny or slightly roughened surface, (210-)260-360(-500) mm high, (100-) 240-300(-400) mm wide, gregarious in groups of 30 or fewer, or solitary, often crowded around small cankers in bark, superficial or with the base immersed in erumpent basal stroma, not collapsed when dry, rust to umber with an often darker ostiolar disk, little or no reaction to 3% KOH, yellow in lactic acid, ostiolar disk 125-200 mm wide, of thin-walled saccate cells forming a distinctive fringe around the perithecial apex giving the ostiolar ring a crown-like aspect. Cells at the surface of the perithecial wall lacking a definite outline or nearly circular; perithecial wall 15-30 mm wide, of a single cell layer, lumina 6-25 mm long, 2-4 mm wide, increasingly compacted toward the perithecial locule; perithecial apex formed by a palisade of hyphal elements continuous with the inner region of perithecial wall, tips of cells at the exterior of the apical disk swollen, saccate, at the interior increasingly narrower toward the ostiolar canal and merging with periphyses. Asci clavate to fusiform, (54-)60-90(-105) 3 (7-)11-15(-18) mm, eight-spored, lacking an apical ring. Ascospores ellipsoid to fusiform, (16.0-)17.5-20.3(-23.0) 3 (4.7-)6.0-8.5(-11.2) mm (mean 20.7 3 8.3 mm), two-celled, symmetrical or eccentric, sometimes with one side curved and one side flattened, not constricted at the septum, spinulose or striate, hyaline becoming yellowish. Colonies on PDA 22-24 mm diam after 7 d at 20 C, aerial mycelium floccose, ocher to buff, colony reverse also ocher to buff. Anamorph not observed in cultures. Perithecia produced after 3 wk on SNA.
Habitat and distribution: On bark of shrubs and trees, sometimes associated with small cankers; known from Indonesia (type locality), Taiwan Notes: This species corresponds to T. coronata s. str. A specimen with culture from Indonesia, the type locality, is designated as epitype. Cultures of this species produce few or no asexual reproductive structures, even on recently collected isolates. Possible reasons for this behavior are discussed above. Brayford and Samuels (1993) Etymology: Refers to the crown of saccate cells around the apex giving the perithecia a coronate aspect.
Stromata inconspicuous. Perithecia globose to subglobose with smooth and shiny or slightly roughened surface, gregarious in groups of 20 or fewer, or solitary, often crowded around small cankers or cracks in bark, superficial or with the base immersed in erumpent basal stroma, chestnut-colored. Asci clavate to fusiform, (55-)59-90(-103) 3 (7-)11-14(-18) mm, eight-spored, lacking an apical ring. Ascospores ellipsoid to fusiform, (17.0-)19-22.2 (-24.7) 3 (5.3-)6.8-9.8(-11.2) mm (mean 20.7 3 8.3 mm), two-celled, symmetrical or eccentric, sometimes with one side curved and one side flattened, not constricted at the septum, spinulose, sometimes spinulae arranged longitudinally giving ascospores a striate appearance, hyaline becoming yellowish. Colonies on PDA 21-24 mm diam after 7 d at 20 C, aerial mycelium floccose, pale luteous to buff, colony reverse buff. Anamorph not observed in culture. Chlamydospores not produced on SNA. Perithecia produced after 3 wk on SNA.
Habitat and distribution: On bark of recently killed and decaying shrubs and trees, sometimes associated with small cankers and cracks on bark. Known from Argentina, Costa Rica and Jamaica; possibly extending throughout Neotropical and subtropical regions in South America. Notes: Thelonectria diademata is an inconspicuous species often collected by chance in association with other species in the genus Thelonectria, such as T. discophora and T. lucida. Etymology: Refers to the crown of saccate cells around the apex giving the perithecia a coronate aspect.
Thelonectria cidaria
Mycelium visible on some specimens, white. Stromata inconspicuous. Perithecia globose to subglobose with smooth and shiny or slightly roughened surface, gregarious in groups of 30 or fewer, or solitary, often crowded around small cankers or cracks in bark, superficial or with the base immersed in erumpent basal stroma, scarlet to rust. Asci clavate to fusiform, (57-)59-85(-101) 3 (7-)11-15(-18) mm, eightspored, lacking apical ring. Ascospores ellipsoid to fusiform, (18.0-)19.4-22.6(-25.6) 3 (5.3-)5.9-7.2 (-8.0) mm (mean 21 3 6.6 mm), two-celled, symmetrical or eccentric, sometimes with one side curved and one side flattened, not constricted at the septum, spinulose, sometimes spinulae arranged longitudinally giving ascospores a striate appearance, hyaline, becoming yellowish. Colonies on PDA 13-19 mm diam after 7 d at 20 C, aerial mycelium floccose to slimy and felt-like, white to buff, colony reverse buff with umber center. Anamorph not observed in culture. Chlamydospores not produced on SNA. Perithecia produced after 3 wk on SNA.
Habitat and distribution: On bark of decaying shrubs and trees. Known from Costa Rica and Jamaica; possibly distributed throughout Neotropics. Thelonectria stemmata C. Salgado & P. Chaverri, sp. nov.
FIG. 4G-M MycoBank MB564260
Similar to Thelonectria coronata; ascospores 18-23 3 7.2-9.2 mm, spinulose; no conidia produced in culture.
Holotype: JAMAICA. Portland Parish: along trail to Silver Hill Gap, near Woodcutter's Gap, vic. Newcastle, on wood, 9 Jan 1971, G.J. Samuels, A.Y. Rossman (NY CUP-MJ 759, ex-type culture C.T.R.
71-19 5 CBS 112468).
Etymology: Refers to the crown of saccate cells around the apex giving the perithecia a coronate aspect.
Stromata inconspicuous. Perithecia globose to subglobose with smooth and shiny or slightly roughened surface, gregarious in groups of 30 or fewer, or solitary, often crowded around small cankers or cracks in bark, superficial or with the base immersed in erumpent basal stroma, chestnut-colored. Asci clavate to fusiform, (58-)60-87(-101) 3 (8-)11-15(-18) mm, eight-spored, lacking apical ring, partially to completely biseriate. Ascospores ellipsoid to fusiform, (16.0-)18.4-23.5(-29.0) 3 (5.6-)7.2-9.2 (-11.0) mm (mean 20 3 8.2 mm), two-celled, symmetrical or eccentric, sometimes with one side curved and one side flattened, not constricted at septum, spinulose, sometimes spinulae arranged longitudinally thus appearing striate, hyaline becoming yellowish. Colonies on PDA 19-22 mm diam after 7 d at 20 C, aerial mycelium floccose, white, colony reverse saffron to white. Anamorph not observed in culture. Chlamydospores not produced on SNA. Perithecia produced after 3 wk on SNA.
Habitat and distribution: On bark of decaying shrubs and trees, sometimes associated with small cankers and cracks in bark. Known from Costa Rica, Jamaica and Venezuela, possibly widespread in Neotropics. Etymology: Refers to the crown of saccate cells around the apex giving the perithecia a coronate aspect.
Mycelium visible, white. Stromata inconspicuous. Perithecia globose to subglobose with surface smooth and shiny or slightly roughened, gregarious in groups of 10 or fewer, or solitary, superficial or with the base immersed in erumpent basal stroma, bay to rust. Asci clavate to fusiform, (55-)60-76(-85) 3 (9-)11-15 (-17) mm, eight-spored, lacking apical ring. Ascospores broadly ellipsoid, (17.4-)18.5-21.5(-24.0) 3 (6.2-)7.0-8.5(-9.2) mm (mean 20.0 3 7.7 mm), equally two-celled, not constricted at the septum, spinulose or striate, hyaline becoming yellowish. Colonies on PDA 35-40 mm diam after 7 d at 20 C, aerial mycelium floccose, white to buff with luteous drops of exudate toward center, colony reverse white to salmon. Cultures have little production of conidiophores and macroconidia, mostly 5-7-septate, microconidia not produced. Chlamydospores not produced on SNA. Perithecia produced after 2 or 3 wk on SNA. Notes: Although Guu et al. (2007) reported that one isolate of this species, Neonectria coronata (strain J.-R Guu 94043006), produced microconidia in culture, this most likely was due to a contaminant. Perithecia solitary or gregarious in groups of many formed in cracks of bark, superficial or basally immersed in an inconspicuous yellow pseudoparenchymatous superficial stroma; perithecia red to scarlet, globose, 280-400 mm high, 250-360 mm wide, with a broad, constricted, knobby apex of same color as the perithecium, becoming dark red in 3% KOH, yellow in lactic acid, not collapsing when dry, smooth to scaly. Cells at the surface of the perithecial wall circular to angular, 10-30 mm diam, walls 3 mm thick, perithecial wall 40-60 mm wide, comprising two or three regions, outer region when present 15-20 mm wide, composed of strongly pigmented thick-walled globose cells, middle region 15-20 mm wide, comprising elongated to globose cells, inner region lining perithecial cavity, 10-15 mm wide, comprising layers of flattened cells, having thin, nonpigmented walls. Perithecial apex formed of files of vertically elongated cells originating from the middle region of the perithecial wall and terminating in clavate cells 2-3 mm wide with pigmented walls. Asci cylindrical or clavate with conspicuous ring, (70-)76-97(-115) 3 10-14(-16) mm, eight-spored. Ascospores ellipsoid to fusiform, (15.7-)18.0-21.0(-23.1) 3 (5.0-)5.6-6.8 (-7.3) mm (mean 19.5 3 6.2 mm), hyaline, equally two-celled, sometimes with one side curved and one side flattened, slightly constricted at the septum, ascospore wall spinulose. Colonies on PDA 16.5-23.5 mm diam after 7 d at 20 C, aerial mycelium floccose, white to buff, colony reverse pale yellow to white with salmon center. Conidia on SNA forming after 3 d, hyaline, forming in slimy droplets in aerial mycelium or on agar surface, pionnotes sometimes formed close to filter paper. Phialides borne apically on irregularly branching clusters of cells or directly from hyphae, cylindrical or slightly swollen with periclinal thickening and collarette, (13.3-)16.0-17.0(-21.8) 3 (2.5-)3.8 3 4.3(-5.3) mm. Macroconidia cylindrical to slightly fusiform, curved of rounded tips, 3-5(-6-septate): three-septate (33.8-)40.3-53.4 (-62.4) 3 (4.4-)5.1-6.3(-7.3) mm (mean 47.0 3 5.7 mm), four-septate (24.0-)49.9-66.9(-79.0) 3 (4.6-)5.5-6.8(-7.8) mm (mean 58.4 3 6.2 mm), fiveseptate (62.0-)63.2-69.8(-72.6) 3 (6.7-)7.0-7.6 (-7.7) mm (mean 66.6 3 7.3 mm). Microconidia absent. Chlamydospores produced on SNA. Perithecia produced after 3 wk on SNA media.
Habitat and distribution: On bark of deciduous trees, Eucalyptus sp., Fagus sp., Gleditschia triacanthos, Salix sp.; Azores Islands, France and Germany. Notes: Thelonectria veuillotiana is an inconspicuous species often collected in association with other species such as T. discophora and T. lucida. Thelonectria veuillotiana in the narrow sense seems to be distributed in the Old World, commonly found on species of Fagus. Etymology: Refers to the flat, discoidal perithecial apex characteristic of this species.
Mycelium visible on specimens, white. Perithecia solitary or gregarious in groups of many, formed in cracks of bark, superficial or basally immersed in an inconspicuous yellow pseudoparenchymatous stroma; perithecia red to scarlet, globose with a broad, constricted, knobby apex of the same color as the rest of the perithecium, not collapsing when dry, smooth to scaly. Asci cylindrical or clavate with conspicuous ring, (68-)72-97(-115) 3 10-14(-17) mm, eight-spored. Ascospores ellipsoid to fusiform, (13.0-)15.7-16.2(-20.2) 3 (4.8-)6.2-6.3(-7.7) mm (mean 16.0 3 6.3 mm), hyaline, equally two-celled, sometimes with one side curved and one side flattened, slightly constricted at the septum, ascospore wall spinulose. Colonies on PDA 17-21 mm diam after 7 d at 20 C, aerial mycelium floccose, apricot with white borders, colony reverse also apricot with white borders. Conidia on SNA media forming in hyaline, slimy droplets in aerial mycelium or on agar surface, pionnotes sometimes formed close to filter paper. Phialides borne apically on irregularly branching clusters of cells or directly from hyphae, cylindrical or slightly swollen (10.7-)14.3-19.7(-27.0) 3 (2.8-)3.5 3 4.4(-5.3) mm, with periclinal thickening and collarette. Macroconidia cylindrical to slightly fusiform, curved with rounded tips, 3-5(-6)-septate: three-septate (40.0-)49.8-63(-74.4) 3 (4.4-)5.2-6.3(-7.7) mm (mean 56.4 3 5.8 mm), four-septate (46.2-)61.2-74.8(-85.4) 3 (4.6-)5.4-6.5(-7.3) mm (mean 68.0 3 6.0 mm), five-septate (47.5-)67.0-81.6(-96.3) 3 (4.8-)5.6-6.7(-7.7) mm (mean 74.4 3 6.2 mm). Microconidia absent, chlamydospores produced on SNA by some isolates of this species. Fertile perithecia produced after 3 wk on SNA. Notes: This species often is associated with pathogenic Neonectria species, such as N. ditissima. The core of the distribution of this species seems to be the eastern states of the USA, such as Connecticut, New York, Virginia and less frequently Tennessee. Etymology: Refers to the flat, discoidal perithecial apex characteristic of this species.
Mycelium visible in some specimens, white. Perithecia solitary or gregarious in groups of many formed in cracks of bark, superficial or basally immersed in an erumpent inconspicuous yellow pseudoparenchymatous stroma, perithecia red to dark red, globose with a broad constricted knobby apex of same color as the rest of the perithecium, not collapsing when dry, smooth to scaly surface. Asci cylindrical or clavate, simple with conspicuous ring, (65-)72-94(-110) 3 10-14(-16) mm, eight-spored. Ascospores ellipsoid to fusiform, (12.5-)13.6-16.2 (-17.5) 3 (5.3-)5.7-6.8(-7.4) mm (mean 15.0 3 6.3 mm), hyaline, equally two-celled, sometimes with one side curved and one side flattened, slightly constricted at the septum, spinulose. Colonies on PDA 38-45 mm diam after 7 d at 20 C, aerial mycelium floccose, white with saffron center, colony reverse saffron with white borders. Conidia on SNA forming in hyaline, slimy droplets in aerial mycelium or on agar surface on slimy pionnotes sometimes formed close to filter paper. Phialides borne apically on irregularly branching clusters of cells or directly from hyphae, cylindrical or slightly swollen (10.0-)15. 3-19.7(-24 Notes: This species is common in a wet subtropical forest in northern Argentina. It often is associated with other species, such as Thelonectria coronata, T. discophora and T. lucida. Similar to Thelonectria nodosa and T. torulosa; ascospores 16.0-20.0 3 5.0-8.5 mm; chlamydospores absent; macroconidia with a strongly hooked and acute apical cell. Etymology: Refers to the flat, discoidal perithecial apex characteristic of the species Perithecia solitary or gregarious in groups of many, in cracks of bark, superficial or basally immersed in an inconspicuous yellow pseudoparenchymatous stroma; perithecia orange to scarlet, globose with a broad, constricted, knobby apex of same color as perithecium, not collapsing when dry, smooth to scaly surface. Asci cylindrical or clavate, apex simple with conspicuous ring, (68-)72-97(-115) 3 10-14(-17) mm, eightspored. Ascospores ellipsoid to fusiform, (12.6-)15.0-19.0(-22.6) 3 (5.2-)5.7-7.3(-9.0) mm (mean 17.0 3 6.6 mm), hyaline, equally two-celled, sometimes with one side curved and one side flattened, slightly constricted at the septum, ascospore wall spinulose. Colonies on PDA 20-24 mm diam after 7 d at 20 C, aerial mycelium floccose, white with umber center, pigmented concentric rings often observed, colony reverse saffron to white. Conidia on SNA forming in hyaline, slimy droplets in aerial mycelium or on agar surface on slimy pionnotes close to filter paper and forming concentric rings. Phialides borne apically on irregularly branching clusters of cells or directly from hyphae, cylindrical or slightly swollen, (12.0-)14.6-19.5(-26.0) 3 (2.5-)3.5-4.4(-5.0) mm, with periclinal thickening and collarette. Macroconidia cylindrical to slightly fusiform, curved with rounded tips, 3-5(-6)-septate: three-septate (30.0-)38.5-53(-62.4) 3 (4.2-) 5-6.2(-7.5) mm (mean 45.8 3 5.7 mm), four-septate (34.0-)49.0-64.7(-70.3) 3 (4.0-)5.5-6.5(-7.3) mm (mean 57.0 3 6.0 mm), five-septate (47.8-)56.7-69.8(-80.0) 3 (5.2-)5. 8-6.8(-7.8 Notes: Thelonectria gongylodes, T. nodosa and T. torulosa are the three species related to T. veuillotiana that occur in USA. Thelonectria nodosa was found primarily in the northeastern USA (New York, Connecticut) and Appalachian areas in Virginia and Tennessee, while T. gongylodes was collected in the southeastern USA (North Carolina) and, less frequently, in Appalachian areas of Tennessee. Etymology: Refers to the flat, discoidal perithecial apex characteristic of this species.
Perithecia solitary or gregarious in groups of many formed in cracks of bark, basally immersed in an inconspicuous yellow pseudoparenchymatous nonerumpent stroma, perithecia orange to scarlet, globose with a broad constricted knobby apex of same color as the rest of perithecium, not collapsing when dry, smooth to scaly surface. Asci cylindrical or clavate, apex with conspicuous ring (70-)72-90(-110) 3 10-14(-18) mm, eight-spored; ascospores completely to partially biseriate. Ascospores ellipsoid to fusiform, (11.3-)12.5-16(-18.2) 3 (4.6-)5.2-7(-7.6) mm (mean 14.4 3 6 mm), hyaline, equally two-celled, sometimes with one side curved and one side flattened, slightly constricted at the septum, spinulose. Colonies on PDA 13-18 mm diam after 7 d at 20 C, aerial mycelium floccose, white to saffron, colony reverse saffron to white. Conidia on SNA forming in hyaline, slimy droplets in aerial mycelium or on agar surface; pionnotes sometimes formed close to filter paper on SNA agar. Phialides borne apically on irregularly branching clusters of cells or directly from hyphae, cylindrical or slightly swollen (13. Notes: This species has been collected from distant locations suggesting that its distribution may be extensive throughout Asian-American Pacific regions. Dettman et al. (2003) proposed that cryptic species could be recognized if such groups meet either one of two criteria: (i) genealogical concordance or (ii) genealogical nondiscordance. For T. coronata and T. veuillotiana complexes, the cryptic lineages fit either the genealogical concordance or the genealogical nondiscordance criteria. Cryptic species in T. coronata and T. veuillotiana complexes are genetically distinct groups with little or no morphological differentiation, indicating that most of the genetic variation among individuals is not yet expressed as variation in morphological and physiological traits (Rodriguez et al. 2005 , Taylor et al. 2006 , Bensch et al. 2010 .
With the development and advancement of methods of species recognition based on genetic isolation (phylogenetic species recognition, PSR), mycologists have an apparently easier and open way to recognize species. First individual organisms are sorted into species based on phylogenetic analyses and then variable phenotypic characters that correlate with the cryptic species are sought (Taylor et al. 2006 ). In our study, the T. coronata and T. veuillotiana species complexes had significant overlap in morphological characters; however, careful observation of biometric data revealed differences in mean values that, together with the genetic divergence and other data such as geographic origin of the strains, helped differentiate clades. These differences are more evident in clades of the T. veuillotiana complex while the T. coronata complex represents a more difficult case. Despite the genetic divergence that exists between clades in this group, the morphological characters are mostly continuous, making key construction and species diagnosis difficult. Regardless of this obstacle, the new lineages detected within these species complexes are designated here and described as new species. The taxonomic key provided for the T. coronata clades can help in the identification of the species based on the most informative morphological characters; however the individual species can be identified only unequivocally with molecular data. The ITS 1-2 and rpb1 regions are useful for this purpose. Although single-isolate lineages are potential new species, they are not named here waiting more extensive taxon sampling.
Isolates in the T. coronata complex did not produce the anamorph in culture; instead most of the isolates formed perithecia with ascospores as the primary reproductive propagule in culture. Even though these isolates were collected over decades, lack of conidial sporulation was not associated with the amount of time the strains had been maintained in culture; isolates obtained more recently, from 2010 and 2011, also exhibited this behavior. Specific nutritional requirements found in host plants but not in artificial media may be necessary to induce conidial sporulation in these fungi. Of interest, only teleomorphic state of species in the T. coronata complex are known from nature. No reports of a cylindrocarpon-like anamorph exist, suggesting that asexual reproduction is not common or perhaps absent in these species. Based on the observation that fertile perithecia readily form in culture, it is probable that species in this group are homothallic. Several other fungi in the Sordariomycetes that do not produce conidia are known to be homothallic (Nauta and Hoekstra 1992 , Davis 2000 , Pö ggeler et al. 2000 , Whittle et al. 2011 . One example is the model fungus Neurospora, in which homothallic species are recognized by the lack of conidia, a strategy that reduces or eliminates conidium-related mutations. Homothallic species of Neurospora also showed a significantly higher ratio of nonsynonymous to synonymous substitution rates (dN/dS . 1) compared with heterothallic species . In this study, we found that at least one of the protein-coding regions sequenced showed an elevated ratio of nonsynonymous to synonymous substitution rate, suggesting a history of weakened purifying selection and genomic degeneration characteristic of some homothallic species of fungi .
The cryptic lineages in the T. veuillotiana complex could not be resolved with the ITS 1-2 region alone due to the low molecular and intraspecific nucleotide diversity exhibited by the isolates. On the other hand, cryptic lineages in the T. coronata complex could be differentiated easily with this genomic region because the isolates seem to be more genetically divergent compared to species in the T. veuillotiana complex (TABLES II, III). Single-gene phylogenetic analyses of the tubB, tef1 and rpb1 protein-coding regions distinguished all lineages in both the T. coronata and T. veuillotiana complexes. The intraspecific variation of these regions always was low compared to the interspecific divergence (TABLES II, III), and this clear distinction between intraspecific and interspecific nucleotide divergence (the barcode gap) makes them good potential candidates as secondary barcodes for diversity and phylogenetic studies of fungi in the family Nectriaceae (Seifert 2009 , Jargeat et al. 2011 , Schoch et al. 2012 .
None of the tests to detect recombination resulted in assigning recombinant limits between the clades in T. coronata and T. veuillotiana. As observed (FIG. 2, neighbor networks), a reticulate pattern suggesting recombination among genotypes in T. coronata and T. veuillotiana was not observed. In the T. veuillotiana network (FIG. 2B) , the reticulate pattern observed among clades TV1-TV4 could be due to the lack of phylogenetic resolution, homoplasy or incomplete lineage sorting (Croll and Sanders 2009) . One possible reason why recombination was not detected might be related to the reproductive biology of these fungi. As mentioned above, isolates of T. coronata and T. veuillotiana produce perithecia in culture suggesting that these species may be homothallic. In homothallic species, sexual and asexual offspring have identical genotypes resulting in a genome-wide homozygosity (Bruggeman et al. 2003 , Giraud et al. 2008 . When a population is clonal, recombination tests give negative results and, if caution is not exercised, these negative results can be interpreted as indicative of reproductive isolation. Homothallism and clonality do not always define isolated populations, and homothallism does not indicate a lack of recombination because somatic recombination and parasexuality may occur (Ekins et al. 2006) . Even though the negative result from these tests may be attributable to the reproductive biology, the power of the test statistics also might have been reduced due to the small sample of taxa and, as a consequence, molecular data (Wall 1999) . Moreover, these tests depend on the amount of genetic variation within the dataset (Taylor et al. 1999) ; our dataset may not have had sufficient variation for recombination to be detected by the methods used here, which infer recombination based on permutation of sites and the number of phylogenetically informative sites (Posada et al. 2002 , Posada 2002 . Other studies have shown that recombination tests can be biased when isolates in the population sample are collected from widely separated locations or over many years (Douhan 2007) . However, this would not explain the failure to detect recombination among the isolates of the T. coronata and T. veuillotiana complexes. Even though recombination was not detected within clades formed by isolates from distant geographic locations, recombination among isolates from the same locality could not be detected as well, for example in clades TC1 and TC4 in T. coronata and TV5 and TV1 and TV6 of T. veuillotiana. The usefulness of the particular recombination tests used in this study for geographic differentiation and to identify putative species among different populations of fungi may not be applicable in most cases.
The molecular phylogeny of the T. coronata and T. veuillotiana species complexes provided in this study contributes to increasing our understanding of the diversity of the genus Thelonectria. Single-isolate lineages are not described here as new species. Ideally new species should be described based on more than one specimen or culture (Seifert and Rossman 2011) . Future work and more taxon sampling are needed to find the necessary support to confidently assign these isolates to new taxa.
